We optimized Origanum majorana (OM) extraction for mild steel corrosion inhibition in neutral 0.5 M chloride medium. The inhibition mechanism evolved in presence of the optimal extract was discussed when calculating the activation energy (Ea), the activation enthalpy (∆aH) as well as the activation entropy (∆aS). The OM extract molecules were investigated using the density functional theory (DFT) at B3LYP/6-31G(d,p) basis set level. 1-methyl-4-propan-2-ylcyclohexa-1,3-diene alphaterpinene was predicted exhibiting the most inhibition capabilities.
Introduction
In recent years, many alternative eco-friendly corrosion inhibitors have been developed. They range from rare earth elements [1] [2], inorganic compounds [3] to plants extracts [4] - [12] . However, few investigations were focused on the effect of the extraction experimental conditions on materials corrosion inhibition.
There are environmental issues associated with the application of most inhibitors as some are toxic to the ecosystem. Plants extracts are eco-friendly and have been found to contain phytochemical constituents with similar characteristics to organic corrosion inhibitor; hence, their applicability as inhibitors has been reported. The use of wastes from plants as corrosion inhibitors can be another way of extending the beneficial use of these plants and so enhance municipal waste management.
Origanum majorana is a somewhat cold-sensitive perennial herb or undershrub with sweet pine and citrus flavors. In some Middle Eastern countries, marjoram is synonymous with oregano, and there the names sweet marjoram and knotted marjoram are used to distinguish it from other plants of the genus Origanum. It is also called pot marjoram, although this name is also used for other cultivated species of Origanum.
This research program aimed at the optimization of the extraction procedure of green inhibitors from OM plants for mild steel preservation in aqueous chloride medium. While the optimum extract found, the inhibition mechanism was tentatively investigated. Quantum chemical calculations were also performed in order to correlate the electronic structures of the OM extracts molecules to the inhibition efficiency.
Experimental

Extraction of the Green Inhibitors from OM
Origanum majorana leaves (OM) were cut separately into pieces which were then oven dried at 180˚C for 20 minutes. They were separately ground into powder and soaked in different containers containing solvent in order to obtain the extract by leaching. Each of the different extracts was filtered at the end of the extraction period and stored in a clean bottle.
Electrochemical Study
Working electrodes were elaborated from XC48 mild steel. A classical three-electrode cell was used for the electrochemical characterizations with a saturated calomel electrode as reference and a platinum wire as counter electrode. The measurements were performed using PGSTAT 30 potentiostat. GPES software was used for instrumentation control. All tests were repeated at least three times. Polarization measurements were performed from −1.200 V to −0.4 V at a sweep rate of 10 mV/s. The curves were taken after 2 hours of exposition in pure 0.5 M NaCl solution without and with plant extract addition.
Computational Method
Quantum calculations were performed using the Gaussian (version 03) program. Exchange and correlation calculations were investigated using the functional hybrid DFT B3LYP and the 6-31++G(d,p) orbital basis sets for all atoms.
Results and Discussion
Modeling of the Parameters for Green Inhibitors Extraction from OM
In order to model the experimental conditions of Oriaganum majorana green inhibitors extraction for mild steel corrosion inhibition, a chemiometric approach was used.
After preliminary experiments, four factors were choosing: U 1 : first factor representing the plant mass; U 2 : second factor representing the solvent volume; U 3 : third factor representing the extraction duration; U 4 : fourth factor representing the solvent. The experimental field is given in Table 1 . To compare the effects of the different factors in the experimental field considered, U i were transformed into coded variables X i as in previous works [13] [14] .
A mathematical approach was used to correlate the variables to the responses as:
where: b i : the estimation of the main effects of the factor i. Calculation of coefficients was carried out through the least squares method [13] [14] .
Y i : the experimental responses representing the corrosion potential (Ecorr), the anodic slope (βa), the cathodic slope (βc) and the corrosion current (Icorr) extracted. We also modelled the facor (B), the polarisation resistance (Rp) and the percentage of inhibition efficiency (%IE) calculated as follows:
The eight experiments of the experimental design are reported in Table 2 .
The polarization curves for mild steel immersed for two hours in NaCl 0.5 mol•L −1 at 303 K in absence and in presence of OM extracts are given in Figure 1 . These curves were plotted in the potentiostatic mode from −0.4 V to −1.2V at a scan rate of 10 mV•s −1 . It was shown that independently on the extract experimental conditions; the anodic part of the polarization curves indicated material active dissolution. The cathodic part of the curves can be divided into two regions. The oxygen reduction reaction was limited by diffusion at intermediate potentials and possibly by an activationcontrolled rate-determining step [15] . At high negative potentials solvent reduction was evolved.
Extrapolation of linear lines to the corrosion potential Ecorr allowed the determination of both βa and βc and the intercept gave the corrosion current Icorr. We calculated also B, Rp and % IE values using the above mentioned relationships.
The experimental results are reported in Table 3 .
The responses models coefficients calculated as in [13] [14] and references therein are gathered in Table 4 . In order to evaluate the experimental factors effects, graphical Pareto analysis was performed as in [13] (Figure 2 ). Table 3 . Experimental results. It was observed that: • b 1 alone could explain 96.7% of Ecorr variation;
• about 90% of βa evolution was attributed to b 3 and b 2 , the most important factor was the extraction duration (P 3 = 59.4); • b 1 and b 3 were assumed responsible of 98% of βc variation as P 1 was about 52% then the plant mass was the major factor; • factor B variation of was due to all factors and the plant mass was the most important factor (P 1 = 33.6);
• b 3 , b 2 , b 1 could explain 94.6% of corrosion current evolution Icorr, the most important factor was the extraction duration (P 3 = 66%); • b 1 , b 3 and b 4 could be responsible of 94% of Rp evolution, the most important factor was the plant mass (P 1 = 48);
• 92.1% of %IE variation could be attributed to b 3 , b 2 and b 4 ; the main factor was extraction duration (P 3 = 63.7). It could be retained that U 2 , U 3 and U 4 do not affect Ecorr. Furthermore, the anodic interfacial behavior is not conditioned by the plant mass and the solvent whereas the cathodic behavior was independent on the solvent nature and volume.
It was confirmed that B deviation depended on the experimental conditions as cited for copper corrosion in neutral chloride media [16] .
Similarities were evidenced for Icorr and %IE as for both responses up to 80% of their variations were attributed to the extraction duration and the solvent volume. However, the solvent was not relevant for the first response whereas the plant mass was not influent for the second.
For determining the optimal extraction conditions, %IE was choosing as the criteria. As b 2 < 0, b 3 > 0 and b 4 < 0, U 2 , U 3 and U 4 must be fixed at −1, +1 and −1 respectively to maximize the inhibition efficiency.
Hence, the 6 th experience of the experimental design ( Table 2 ) corresponds to the optimal conditions of green inhibitors extraction from OM for mild steel corrosion preservation.
For such extraction condition, %IE reached about 90%. Furthermore, both βa and βc were affected when the optimal extract added to the corrosive media. The optimal extract acted as mixed type inhibitor.
Effect of Temperature
The effect of temperature on the corrosion phenomenon of mild steel in free and inhibited with the optimal extract of OM solutions of 0.5 M NaCl was studied in the temperature range 303 K -318 K. The curves obtained are given in Figure 3 .
The analysis of these figures revealed that raising the temperature increased both anodic and cathodic current densities, and consequently the corrosion current of XC48 steel increased.
When studying the Tafel region of the polarisation curves corrosion parameters were evaluated ( Table 5 ).
The obtained corrosion parameters are given in Table 5 .
Analyse of the results in Table 5 indicates that in the presence of OM molecules, the Icorr of XC48 steel decreases at any given temperature increases compared to the uninhibited solution, due to the increase of the surface coverage degree [17] .
Inhibition efficiencies of the inhibitor at different temperatures are shown by Figure 4 . It is observed from Figure 3 that, with an increase in the temperature, the inhibition efficiency decreases. The inhibitor shows maximum inhibition at 303K. This gave a clue that the mechanism of adsorption of the inhibitor may be due to physisorption, because the physisorption is due to weak van der Waal's forces, which disappear at elevated temperatures [18] .
The activation energy of corrosion process in free and inhibited solutions could be calculated using the equation: 
where Ea is the activation energy, A the frequency factor, T the absolute temperature, R the gas constant and Icorr is the corrosion current. inhibitive action of the additives by increasing energy barrier for the corrosion process, emphasizing the electrostatic character of the inhibitor's adsorption on the mild steel surface (physisorption) [19] .
Another thermodynamic parameter which further describes the adsorption mechanism operative in the corrosion inhibition process is the heat of adsorption, Q ads . In this regard, Q ads was evaluated from the variation of surface coverage with reciprocal of temperature from the kinetic/thermodynamic model [19] , through the relation: log log log 1 2.303
where A is a constant, C is the inhibitor concentration, θ is the occupied, and (1 − θ) is the vacant site not occupied by the inhibitor. The plot of ( ) ( ) log 1− θ θ as a function of 1/T for the inhibitor is shown in Figure 6 . The value of the heat of adsorption was estimated from the linear plot. The calculated value of Q ads is negative and in the range of −56 kJ•mol −1 . The negative Q ads value indicate that the inhibitor adsorption and hence inhibition efficiency decreases with the rise in temperature. The negative value of heat adsorption obtained also support the physical adsorption mechanism [19] .
The activation enthalpy (Δ a H) and the entropy of activation (Δ a S) for the corrosion of mild steel in 0.5 M NaCl in the absence and in the presence of OM extract were obtained by applying the alternative formulation of Arrhenius equation [17] :
where h is the Plank's constant and N is the Avogadro's number. Figure 7 shows a plot of ln(Icorr/T) versus 10 3 /T. Straight lines were$ obtained with a slope of (−Δ a H/R) and an intercept of (lnR/Nh + Δ a S/R) from which the values of Δ a H and Δ a S were calculated ( Table 6) .
The positive values of Δ a H in the absence and the presence of OM extract reflect the endothermic nature of the mild steel dissolution process [17] and it indicates that the dissolution of steel is difficult [19] .
The values of activation entropy (Δ a S) are higher for inhibited solutions than that for the uninhibited solution. The shift towards positive values of entropies (Δ a S) imply that the activated complex in the rate determining step represents dissociation rather than association, meaning that disordering increases on going from reactants to the activated complex [20] . Table 6 . Thermodynamic parameters of the XC48 steel in 0.5 M NaCl without and with addition of OM extract. 
Quantum Chemical Studies
The main objective of this work was to investigate computationally the OM extract, using DFT at B3LYP/6-31G level of theory. Theoretical approaches provide useful means of analyzing the interaction between the inhibitor molecule and the metal. Furthermore, the quantum level calculation of molecules can explain also the mechanism of corrosion inhibition [21] . The majority molecules of OM extracts denoted hereafter MEANE, ISEOL, ISANE, CILOL, MEONE1 and MEONE2 as shown in Figure 8 .
The quantum chemical parameters correlated to the inhibition efficiency are ε HOMO (the highest occupied molecular orbital energy), ε LUMO (the lowest unoccupied molecular orbital energy), the energy gap (Δε), dipole moment (μ) (Figure 9 ).
The energy of the highest occupied molecular orbital (ε HOMO ) measured the tendency towards the donation of electron by a molecule [22] . Therefore, higher values of ε HOMO indicated better tendency towards the donation of electron, enhancing the adsorption of the inhibitor on mild steel and therefore better inhibition efficiency. ε LUMO indicated the ability of the molecule to accept electrons. The binding ability of the inhibitor to the metal surface increased with increasing of the HOMO and decreasing of the LUMO energy values.
The results of our present work show that MEANE has good protective effect for mild steel and has high ε HOMO and small ε LUMO values.
In the other hand, the results show that CILOL molecule have less HOMO energies and therefore are less electron donor than MEANE. Hence, in the interaction with the metal surface, CILOL are most likely to interact with the metal surface through physisorption mechanism while MEANE molecule would preferentially interact with the metal surface through chemisorption mechanism [23] .
Another point to be considered in energy level is the gap between the HOMO and LUMO energies for the inhibitor. As Δε decreased, the reactivity of the molecule increased leading to increase of the %IE. Lower values of the energy difference will render good inhibition efficiency, because the energy to remove an electron from the last occupied orbital will be low [24] . The results as indicated in Figure 9 (a) shows that MEANE has the lowest energy gap, this means that the molecule could have better performance as corrosion inhibitor.
The low Δε value (4.814) again indicates higher reactivity of the MEANE with respect to adsorption on the metal surface. It is possible to suggest that the MEANE molecule plays an important role in the chemisorption of the OM extract on the metal surface. This observation implies that the inhibition process did proceed through electron transfer or acceptance in the interaction between the inhibitor and steel surface. As for the dipole moment µ (Figure 9(b) ), low values of dipole moment favour inhibitor molecules accumulation on the surface thus increasing the inhibition effectiveness [25] . In our study the values 0.045 (Debye) of ISANE and 0.546 (Debye) of MEANE enumerates its better inhibition efficiency.
Some HSAB (Hard and Soft Acids and Bases) parameters such as electronegativity (χ), chemical hardness (η) can be expressed as follows in terms of ε HOMO , ε LUMO the highest occupied molecular orbital energy, and the lowest unoccupied molecular orbital energy, respectively: [26] [27] as:
The calculated values for the three parameters are reported in Figure 10 .
The Figure 10(a) shows the order of electronegativity as MEANE < ISANE < MEONE2 < MEONE1 < ISEOL < CILOL. Hence an increase in the difference of electronegativity between the metal and the inhibitor is observed in the order. According to Sanderson's electronegativity equalization principle [28] , CILOL with a high electronegativity and low difference of electronegativity quickly reaches equalization and hence low reactivity is expected which in turn indicates low inhibition efficiency. In contrary, MEANE was expected exhibiting the most inhibiting capabilities among the OM extract molecules.
Hardness (Figure 10(b) ) is important properties to measure the molecular stability and reactivity. A hard molecule has a large energy gap and a soft molecule has a small energy gap. In our present study MEANE with low hardness value 2.407 (eV) compared with other compound have a low energy gap. Normally, the inhibitor with the least value of global hardness (hence the highest value of global softness) is expected to have the highest inhibition efficiency.
Electronegativity, hardness and softness have proved to be very useful quantities in the chemical reactivity theory. When two systems, Fe and inhibitor, are brought together, electrons will flow rom lower χ(inhibitor) to higher χ(metal), until the chemical potentials become equal.
For the metal surface, the work-function (Φ) is taken as its electronegativity, whereas the chemical hardness is neglected because η of bulk metals is related to the inverse of their density of states at the Fermi level-an exceedingly small number [29] . The number of transferred electrons (ΔN) was also calculated by using the equation below: 
where: χ metal : metal electronegativity; χ mol : molecule electronegativity; Φ: work-function; η metal : metal chemical hardness; η mol : molecule chemical hardness. If ΔN < 3.6 [30] , the inhibition efficiency increases by increasing electron-donating ability of these inhibitors to donate electrons to the metal surface. In this study (Figure 11) , the highest fraction of electrons transferred is associated with the best inhibitor (MEANE) while the least fraction is associated with the inhibitor that has the least inhibition efficiency (CILOL).
Conclusion
From the present study, it was found that the extract of Origanum majorana leaves can be used as an inhibitor for mild steel corrosion. The optimization of the extraction parameters using chemiometric approach method gave the optimal extract of OM. The inhibition efficiency measured through polarisation curves can reach about 90%. The presence of the extract increased the activation energy which can be attributed to the physical adsorption of the OM molecules on the surface of steel. Thermodynamic adsorption parameters show that OM is adsorbed on steel surface by an exothermic process. The positive value of Δ a S suggests that an increase in randomness occurred on going from reactants to the activated complex. The parameters like hardness (η), dipole moment (μ), electronegativity (χ) and the fraction of electron transferred (ΔN) confirm that the MEANE molecule could be responsible for the inhibition action.
